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ABSTRACT
The low luminosity of Uranus is a longstanding challenge in planetary science. Simple adiabatic models are inconsistent with the
measured luminosity, which indicates that Uranus is non-adiabatic due to the existence of thermal boundary layers and/or conductive
regions. A gradual composition distribution acts as a thermal boundary to suppress convection and slow down the internal cooling.
Here we investigate whether composition gradients in Uranus’ deep interior can explain its low luminosity, what composition gradient
is required, and whether it is stable for convective-mixing for a timescale of billion of years. We vary the primordial composition
distribution and the planet initial energy budget, and opt the models that fit Uranus measured properties (radius, luminosity, and
moment of inertia) at present time. We present several alternative non-adiabatic internal structures that fit Uranus measurements. It
is found that convection-mixing is limited in Uranus interior and a composition gradient is stable and sufficient to explain its current
luminosity. As a result, Uranus’ interior could still be very hot, in spite of its low luminosity. The stable composition gradient also
indicates that Uranus’ current-state internal structure is not very different from its primordial one. Moreover, initial energy content
of Uranus cannot be greater than 20% of its formation (accretion) energy. We also find that an interior with ice+rock mixture, rather
than separated ice and rock shells, is consistent with measurements, suggesting that Uranus might not be "differentiated". Our models
can explain Uranus’ luminosity and are also consistent with its metal-rich atmosphere, and the predictions for the location where its
magnetic field is generated.
Key words. Planets and satellites: formation – Planets and satellites: interiors – Planets and satellites: ice planets – Planets and
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1. Introduction
Uranus and Neptune, the solar system ice giants, are often con-
sidered as twin planets, mainly due to similar measurements of
mass, radius, magnetic field, and atmospheric metallicity (Guil-
lot & Gautier 2014; Helled & Guillot 2018). One fundamental
difference between the planets is their luminosity: while Nep-
tune’s luminosity seems to be consistent with an adiabatic struc-
ture, Uranus’ luminosity is significantly lower, indicating very
low to zero intrinsic flux (Hubbard et al. 1995; Fortney et al.
2011; Nettelmann et al. 2013).
The planetary luminosity is an outcome of the planet’s cool-
ing history. The low luminosity of Uranus indicates that either
it has lost all its energy or that the energy is still captured in-
side. If the former is the case, the interior is cold and in ther-
mal equilibrium with the Sun radiation. Then, it is unclear how
Uranus became so cold while the other planets are still cooling.
The other possibility is that a gradual composition distribution
affects the heat transport and slows down the cooling (Podolak
et al. 1991; Marley et al. 1995; Podolak et al. 1995). A grad-
ual distribution of the heavy elements is consistent with Uranus
interior constraints (Podolak et al. 2000; Helled et al. 2011). A
decrease of mean molecular weight outwards can suppress con-
vection and act as a thermal boundary (Ledoux 1947). Such a
thermal boundary insulates the inner heat from the outer enve-
lope and therefore the luminosity is low (Podolak et al. 1991;
Nettelmann et al. 2016).
A composition gradient in the ice giant is in fact a natural
outcome of formation models. During the planetary growth ac-
creted solids evaporate in the gaseous envelope, mainly because
of friction and gravitational energy liberation. Recent works
that studied the composition distribution during planet forma-
tion (Helled & Stevenson 2017; Lozovsky et al. 2017; Brouwers
et al. 2018; Bodenheimer et al. 2018; Valletta & Helled 2018)
show that the resulting structure is probably gradual, and not a
distinct core-envelope structure. A gradual distribution is found
for formation locations with relatively low solid-surface densi-
ties, as expected for the ice giants (Helled & Stevenson 2017)
The key question is then whether a gradual composition dis-
tribution can actually exist (rather than be assumed) in Uranus’
interior today. For that the gradient should fulfill the three fol-
lowing criteria: (i) it should be stable against convection and
mixing throughout the evolution; (ii) it should create a sufficient
thermal boundary to slow Uranus’ cooling and reproduce its
measured luminosity; (iii) it should be consistent with the mea-
surements of Uranus’ radius and gravitational field at present. To
answer this question a non-adiabatic model is needed, where the
thermal and structure history of the planet are considered self-
consistently to determine the consequent evolution/structure.
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In previous works we developed a detailed non-adiabatic
structure evolution model for gas giants (Vazan et al. 2015,
2016). This model also includes the change in the interior struc-
ture in time by convective-mixing. The evolution of ice giants
may be different than that of the gas giants. The more metal-
rich interior, lower mass, and high atmospheric metallicity affect
the thermodynamic properties and the heat transport mechanism
in the interior. Therefore, we expand our model by using the
evolution features of metal-rich planets (Vazan et al. 2018b,c).
We then apply our method to Uranus, and investigate whether a
composition gradient is consistent with the low luminosity and
the other measurements. Since we follow the entire evolution of
Uranus interior in detail, the initial properties can be derived by
its current-state.
This paper is structured as follows, in Section 2 we describe
the model initial composition and properties (Sec. 2.1, 2.2), the
thermal and structural evolution methods (2.3), the nature of
non-adiabatic structure evolution (2.4), and the parameters we fit
(2.5). In Section 3 we present several examples of Uranus valid
models (3.1), emphasis the importance of the non-adiabatic evo-
lution (3.2), and summaries the properties of all valid models in
our study (3.3). We discuss aspects of the new models, and draw
our conclusions in Section 4.
2. Model
In order to model Uranus’ thermal and structural evolution we
combined our thermal evolution calculation of metal-rich planet
(Vazan et al. 2018c) with our planetary evolution code (Vazan
et al. 2015, 2016). The model allows for heat transport by ra-
diation, convection, and/or conduction depending on the local
conditions at each time step. The interior structure evolves by
convective-mixing in convective regions. The structure and evo-
lution equations are solved simultaneously on an adaptive mass-
time mesh (Vazan et al. 2015).
2.1. Interior structure parameter space
The initial planetary structure is characterized by the distribution
of the heavy elements, (rock and/or ice) in radius. We vary both
the heavy-element mass fraction distribution Z(r) and the com-
position of the assumed heavy elements. The parameter space of
the Z(r) distribution includes composition gradients of various
slopes, between the extreme distinct core-envelope structure (2
layers) and the shallowest gradient with an atmospheric enrich-
ment of Z < 0.6. We also consider various slopes for the com-
position gradients on top of a distinct core. The heavy-element
distribution Z(r) determines the initial metal enrichment in the
outer gaseous atmosphere. Since at high pressures and tempera-
tures hydrogen can be soluble in rock and ice (Chatterjee & Chen
2018), we also consider cases with small fractions (up to 2%) of
hydrogen in the core.
In most of our models the heavy elements are represented
by a mixture of ice and rock. The reason is that for the pressure
conditions in Uranus’ interior we expect both ice and rock to be
in ionic phases, and thus to favor a mixture (Hubbard et al. 1995).
The ice-to-rock (i.e., water-to-rock) ratio in Uranus is unknown
(Podolak & Helled 2012; Helled et al. 2011). We use a 2:1 ice-
to-rock ratio, as is presumably expected at the formation location
of Uranus (e.g., Helled & Bodenheimer 2014) as our standard
case. However, we also consider a Pluto-like ratio of more rock
than ice (1:2), and cases with pure-ice. For comparison, we also
consider a 3-layer model, of a pure-ice shell on top of a rocky
core.
We use the SCVH equation of state (EOS) for hydrogen
and helium (Saumon et al. 1995). In each mass layer the hy-
drogen and helium mass fractions are X = 0.72(1 − Z) and
Y = 0.28(1 − Z) respectively, where Z is the metal (rock+ice)
fraction. The EOS for ice (H2O) and rock (SiO2) are improved
versions of the calculation in Vazan et al. (2013). The mixture
of the heavy elements with hydrogen and helium is calculated
using the additive volume law. More details about the rock and
ice EOS, and their mixture can be found in Appendix A.
2.2. Interior energy content
The interior energy sources are modelled following Vazan et al.
(2018c), where the planetary energy is calculated accounting for
the planetary formation (core accretion), iron differentiation, ra-
dioactive heating, solidification, and contraction. In this study
we do not consider the energy associated with differentiation
since the rock and the ice are assumed to stay mixed. The ra-
dioactive heating by the long-term radioactive elements (U, K,
Th) is taken as in Nettelmann et al. (2011) for the fraction of the
rock in the ice+rock mixture. We also exclude latent heat of so-
lidification, since the solidification temperatures for a ice+rock
mixture in high pressures is uncertain. Moreover, the tempera-
tures in most of the ice+rock interior are usually above the crit-
ical point of both ice and rock (see Appendix A). The fraction
of the initial energy content that is left in the metal-rich inte-
rior after its formation is a free parameter, to fit the current-stage
measured values of Uranus. We consider values between 0.05
and 0.5. The planetary contraction is automatically included by
the hydrostatic structure and the mixture EOSs.
2.3. Evolution model - thermal and structure
The effect of the composition distribution on the heat trans-
port is included in the thermal evolution, as in Vazan et al.
(2015). The heat transport is determined by the Ledoux con-
vection criterion (Ledoux 1947), i.e., convection takes place
when and where ∇R > ∇A + ∇X . ∇R and ∇A are the radia-
tive and adiabatic temperature gradients, respectively; and ∇X =∑
j [∂ lnT (ρ, p, X)/∂X j] [dX j/d ln p] is the composition contri-
bution to the temperature gradient, which depends on the mass
fraction gradient (dX j) of each of the species ( j). For a uniform
composition ∇X = 0 and thus convection occurs when ∇R > ∇A,
the simple convection criterion by Schwarzschild (1906).
Within a region that is found to be convective we calculate
the mixing of elements. The material transport by convective
mixing is computed as a convective-diffusive process. The com-
position flux F j ∝ D(∂X j/∂m) is determined by the convective
diffusion coefficient D = a0vclc. This coefficient depends on the
convective velocity vc and the mixing length lc, by a fraction be-
tween 0-1 (a0). Here we take a0 = 0.1. The convective velocity
is determined by the mixing parameter, α, which is the ratio of
the mixing length to the scale height 1, α = lc/Hp. Since the ac-
tual value is unknown, we consider α values between 5 × 10−3
and 0.5 (see Appendix in Vazan et al. 2015, for details).
If the convection criterion is not fulfilled, the heat is trans-
ported by radiation (which dominates in low-density regions) or
conduction (which dominates in high-density regions). Conduc-
1 It should be noted that the scale height Hp in Uranus outer envelope is
on the order of Jupiter’s scale height. The higher mean molecular weight
in Uranus’ atmosphere combined with the lower gravity acceleration
(Earth-like), makes the mixing parameter of Uranus similar to that of
Jupiter.
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tion and radiation are modelled as diffusive transports for a given
opacity. The opacity is set by the harmonic mean of the conduc-
tive and radiative opacities. The radiative opacity is the analyti-
cal fit of Valencia et al. (2013) to the opacity tables of Freedman
et al. (2008). The metallicity for the opacity calculation is taken
to be consistent with the initial envelope metallicity for each
model. The atmospheric opacity, although uncertain, is crucial
for determining the thermal evolution. Therefore, we consider
several other radiative opacity calculations, as described in Ap-
pendix B. The conductive opacity is obtained as in Vazan et al.
(2018c), to fit conductivity of ice and rock in Earth’s conditions.
The outermost envelope (optical depth less than one) is taken to
be an atmosphere. The model has a gray atmosphere (see Ap-
pendix A3 in Vazan et al. 2013). For Uranus we take constant
albedo of A=0.3 and a stellar irradiation of Tirr = 58.1 ± 1K
(Guillot & Gautier 2014).
2.4. The evolution of a non-adiabatic interior
The non-adiabatic evolution allows for heat transport by con-
vection, radiation and/or conduction in each mass layer at each
time step. Unlike in the case of adiabatic cooling, here the local
material properties significantly influence the thermal evolution.
Since material properties in high pressure are rather uncertain, in
Appendix B we discuss the uncertainties in the thermal param-
eters (conductivity, radiative opacity, viscosity), and in model
assumptions (layered-convection, number of layers).
For a non-adiabatic model, as time progresses the planet
cools down from its "surface" via radiation. Below the radiative
layer there is a convective region that its thickness increases with
time. The heavy-element distribution within the planet evolves
due to convective mixing, when regions with composition gra-
dients develop large-scale convection. The transition region be-
tween the outer convective envelope and the stable inner region
with composition gradients is characterized by a discontinuity
in composition and temperature. If the (destabilizing) change
in temperature at the transition dominates over the (stabilizing)
change in composition, the convective region progresses inward,
and the adiabatic region of the envelope expands. When the new
composition discontinuity is sufficient to inhibit convection, the
transition stops progressing inward in mass.
In previous studies we showed that the interiors of Jupiter
and Saturn can change significantly in time due to convective-
mixing if the composition gradient is shallow (Vazan et al. 2016,
2018a). A shallow composition gradient is not stable against
convection, and convective-mixing erases the gradient and leads
to a homogeneous convective envelope. For Uranus, which is
more metal-rich and smaller, the composition gradient is limited
to the a much smaller region than in the gas giants, and thus, the
composition gradient is typically steeper.
In a stable (steep) composition gradient region the heat is
transported by conduction. The conductivity, although poorly
constrained, is critical for simulating the planetary cooling prop-
erly. Moreover, the stable gradient which is modeled as being
conductive in our simulation may develop layered-convection,
which has an intermediate heat transport rate between large-scale
convection and conduction (see Appendix B for further discus-
sion).
However, if the gradient is too steep (stable) it may not be
a sufficient thermal boundary to decelerate Uranus’ cooling and
explain its measured luminosity. A rough estimate of the mini-
mal thickness of the thermal boundary layer can be derived from
the diffusion timescale τcond = D2 ρCp/κ. A layer of thickness
D is needed to slow the interior cooling for diffusive time of
τcond = 5 × 109 yr. For heat capacity Cp ∼ 1kJ/kg/K, density
ρ = 1−5×103kg/m3, and thermal conductivity κ = 2−6W/m/K
(Stevenson et al. 1983) the thickness of the thermal boundary
layer should be larger than several hundreds kilometers in order
to insulate the interior heat content. In the case of a more efficient
heat transport, such as layered-convection, the boundary length
should be respectively larger.
2.5. Fit to observations
The evolution models are constrained by the measurements
of Uranus’ radius, effective temperature and moment of iner-
tia (MoI), where the mass, irradiation temperature and albedo
are input parameters. Ideally the current-state structure models
should be consistent with Uranus’ measured J2 and J4, however,
the accuracy of the evolution model cannot be as high as the
ones of the static interior structure models, and thus we fit MoI
instead of the gravitational moments. We vary Z(r) distribution
and composition, the initial (from formation) energy content, the
radiative opacity, and the mixing length parameter, as describe in
Sec. 2.1-2.4. Thermal evolution models are a step toward linking
early (formation) stages and current-stage. Unlike static struc-
ture models, here the structure at a given time is the result of the
evolution of the previous time step. The model parameters and
their range (inputs and outputs) are summarized in Table 1.
Parameter Value Ref. Type
Mp [ M⊕ ] 14.539 (1) input
Tirr [K] 58.1 (1) input
Albedo 0.3 (1) input
Rp [ R⊕ ] 3.983-4.012 (1),(3) output
L [erg/s] 0-7.2×1021 (1) output
MoI [MR2] 0.2224-0.23 (2),(3) output
Table 1.Model parameters: parameters we use (inputs) and fit (outputs).
References: (1) Guillot & Gautier (2014), (2) Nettelmann et al. (2013),
(3) Helled et al. (2010).
3. Results
3.1. Uranus interior and evolution models
We simulate the evolutionary tracks of hundreds of cases within
the parameter space of our study (Sec. 2.5). While most of the
models fail to fit all Uranus measurements, several of them do,
and they are presented in detail below.
In Fig. 1 we present the evolution of Z(r) (up) and of the tem-
perature profile (bottom) in Uranus for four representative mod-
els. All of these models are consistent with the observed param-
eters and yet have different structures: 2-layer model (left), steep
gradient model (2nd), a shallow composition gradient model
(3rd), and a steep rock-rich composition gradient (right). Within
the parameter space we explored there are more models that fit
Uranus measurements, and the four models we show represent a
given family of solutions. More details of the models appear in
Table 2.
The 2-layer model (U-1), which has a distinct ice-envelope
boundary, is the coldest. In this model each layer has a uniform
composition and the planet cools down via large-scale convec-
tion (adiabatic cooling). There is no thermal boundaries in this
model and therefore, the interior must be cold in order to be con-
sistent with Uranus’ low luminosity. We find that the current U-
1 interior is cold enough to become (partially) conductive, in
Article number, page 3 of 9
A&A proofs: manuscript no. Uranus_AV
Fig. 1. Thermal and structure evolution of Uranus (color) as a function of the radius layer (y-axis) and age (x-axis). Up: the heavy element mass
fraction. Bottom: temperature profile. The 4 cases are of valid Uranus models of different types: distinct layers (left), steep gradient (2nd), shallow
gradient (3rd), and metal-rich shallow gradient (right).
Model # Rp [ R⊕ ] L [erg/s] MoI [MR2] Zenv Z composition Ztotal Initial energy (Eacc)
U-1 3.994 6.24 · 1021 0.222 0 ice 0.94 0.17
U-2 3.989 5.46 · 1021 0.229 0.6 2/3 ice, 1/3 rock 0.93 0.15
U-3 4.012 1.99 · 1021 0.23 0.1 2/3 ice, 1/3 rock 0.88 0.09
U-4 3.997 5.51 · 1021 0.23 0.13 1/3 ice, 2/3 rock 0.86 0.16
Table 2. Details of the Uranus models in Fig. 2 at the current age: radius, luminosity, moment of inertia, outer envelope metallicity, metal
composition, total mass of metals, and initial energy content (fraction of the total accretion energy: Eacc = 3GM2/5R). The models are examples
of different types of structure for Uranus.
agreement with Podolak et al. (2019). Hotter interiors of the 2-
layer model cannot fit Uranus current luminosity. Model U-2 has
a gradual distribution of ice+rock mixture (2:1) in the interior,
from Z = 1 in the center to Z = 0.6 in the outer envelope. The
thermal boundary caused by the composition gradient keeps the
interior hot while the outer envelope is insulated from the hot
deep interior.
The composition gradient in model U-3 is wider than that
of U-2, i.e., the gradual region starts deeper in the interior and
decreases all the way to the surface. As a result, the mass frac-
tion of hydrogen and helium in the interior is higher. Therefore,
U-3 must be colder in order to fit Uranus’ radius today. Since
the temperatures are lower in model U-3, the wider (shallower)
composition gradient is found to be sufficient to prevent large-
scale convection. The inner gradual region then acts as a thermal
boundary and slows down the interior cooling. U-3 like mod-
els with hotter interior result in a vigorous convective-mixing.
In those cases a new adiabatic and metal-rich region is devel-
oped instead of the thermal boundary, and the models fail to fit
Uranus MoI, luminosity and/or radius at current age. Model U-4
has a gradual distribution of rock-rich mixture of ice+rock (1:2).
The high mean molecular weigh of this mixture requires hotter
interior and/or lower total Z to fit the measurements. Thus, al-
though convective mixing is less efficient for higher mean molec-
ular weight Z (Vazan et al. 2015), the hotter interior results in a
similar magnitude of convective-mixing.
Next, we derive the interior properties of present-day
Uranus. In Fig. 2 we show Uranus’ temperature (left) and den-
sity (right) profiles for the four models presented in Fig. 1. We
compare our results with the Uranus models of Nettelmann et al.
(2013), and Uranus polynomial density profile of Helled et al.
(2011). We find that our 2-layer model is very similar to the
models by Nettelmann et al. (2013)2. Our gradual models, on
the other hand, are more consistent with the polynomial density
profile of Helled et al. (2011). It is clear from the temperature
profiles in Fig. 2 that the gradual composition region acts as a
thermal boundary, and as a result, the inner region in those cases
is much hotter than the outer envelope. As expected, rock-rich in-
teriors and colder interiors (of the same composition) are denser.
If we further follow the structure evolution for beyond 4.55
Gyr, we find that some of the valid models reached stable interior
structures and some are still evolving. The Z(r) distribution of
2 The difference in density in the center is a result of our 2-layer as-
sumption (Sec. 2.1) and has a small effect on Uranus observed proper-
ties.
Article number, page 4 of 9
Allona Vazan and Ravit Helled : Explaining Uranus’ low luminosity: a self-consistent thermal-structure evolution
Fig. 2. Temperature (left) and density (right) profiles of the models of
Fig. 1 in current Uranus age. For comparison we show Uranus model
H-1 by Helled et al. (2011) and models N-1, N-2 of Nettelmann et al.
(2013). The unsmooth profiles are caused by the non-adiabatic heat
transport.
Fig. 3. Radius (left) and luminosity (right) evolution for the four Uranus
models presented in Fig. 1. The horizontal dashed lines are for Uranus
measured radius (range), and luminosity (upper bound). The profiles
that are not smooth are caused by the non-uniform convective-mixing
behaviour.
U-2 is already in a stable stage, and will remain the same in the
future evolution (for t > 4.55Gyr). The composition distribution
in models U-3 and U-4 keeps changing in the upcoming Gyrs
of evolution, as the outer convective region progresses inward.
Model U-1 (core-envelope) is completely stable.
In Fig. 3 we show the radius (left) and luminosity (right)
evolution for the four models. Since the initial radius depends on
the initial energy content, which is a free model parameter, the
initial radii are not the same for all cases. The U-1 model, which
has no thermal boundaries, cools down and contracts very fast
to its current cold interior. The other models are characterized
by slower cooling and their low luminosity is the result of the
composition thermal boundary that slows the heat transport from
the inner interior to the surface. U-3 has an initial colder interior
than U-2 and U-4 and therefore its luminosity is lower already
in the early evolution stages. The profiles that are not smooth
are the result of the non-uniform cooling in local regions in the
interior where convective mixing in developed.
Fig. 4. Radius (left) and luminosity (right) of identical structure plan-
ets. The standard model (red) is for Ledoux convection criterion and
mixing in convective regions. Models without mixing (light gray) and
without the composition effect on heat transport (dark gray) are shown.
The horizontal dashed lines are for Uranus measured radius (range), and
luminosity (upper bound). Ignoring the mixing slows down the cooling
and thus the inferred radius is too large. Ignoring the composition effect
on the heat transport (fully convective) results in too high luminosity.
3.2. Effect of non-adiabatic cooling
The consequences of composition gradients on the non-adiabatic
evolution is illustrated in Fig. 4. In this figure we recalcu-
late the U-2 Uranus model (red), but once without consider-
ing convective-mixing (light gray) and once without consider-
ing any effect of the composition gradient on the heat transport
(dark gray), i.e., interior heat transport is similar to that of a fully
convective planet. As seen in the figure, both models cannot fit
Uranus’ measured luminosity or radius3.
When convective-mixing is ignored (light gray), we essen-
tially force the structure to maintain its composition gradient,
and by that slow down the heat transport and keep the outer en-
velope metal poor. Therefore, the planetary contraction is de-
celerated, and the corresponding radius is too large at Uranus’
current-age. When we allow the entire planet to cool by large
scale convection (dark gray), i.e., ignore the thermal effect of the
composition gradient, the planet cools down and contracts much
faster and we can reproduce Uranus’ measured radius. However,
the luminosity of such "adiabatic" model is much too high. Over-
all we find 5-10% change in radius by the non-adiabatic cooling
of Uranus as a result of a composition gradient. Thus, if Uranus’
interior consist of composition gradients, its thermal evolution
cannot be modeled by a simple large-scale convection model.
3.3. Common properties of the valid Uranus models
We find that the models that successfully explain Uranus’ lumi-
nosity have some common properties; in these models the outer
20% of the planet radius develops a large-scale convection on top
of a stratified inner region. This convective layer is metal-rich
(Z > 0.6) for all models except the 2-layer (U-1). Interestingly,
this outer metal-rich convective region is consistent with the pre-
diction for the location where Uranus’ magnetic field is gen-
erated (Stanley & Bloxham 2004, 2006). Considering the high
3 The gray models are unphysical, they are shown here to emphasis the
importance of heat transport and convective mixing in the presence of a
non-uniform composition distribution.
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metallicity of Uranus, and the outer convective envelope, the
composition gradients is rather steep. Since steep composition
gradients are more stable against convection, most of Uranus’
interior remains stable. This result is consistent with the recent
study of Podolak et al. (2019). We also find that convective-
mixing, when occurs, is limited to the outer part of the planet.
Thus, unlike in the case of giant planets, the current structure of
Uranus might not be very different from its primordial one.
We also find that the temperatures in the deep interior are
not well-determined, and can be significantly higher than the one
expected from an adiabatic interior. When using initial interior
energy to be (fraction of) the formation energy, we find that the
current central temperature of Uranus varies between 3000 and
several tens of thousands(!) Kelvin. The deep interior might be
insulated from the outer region, and therefore a very hot interior
is possible. Such hot interiors are still consistent with the avail-
able measurements (Podolak et al. 2019). Yet, the temperature is
limited by the initial energy content (from formation). We find
that if the initial energy content is greater than 20% of the accre-
tion energy, Uranus’ measured properties cannot be reproduced.
In some of these cases convection is too vigorous and erases the
composition gradient, and in all cases the radius and/or luminos-
ity are higher than the measured ones. Cold interiors with com-
position gradients also fit observations, but then the challenge
is to explain how the planet cooled so efficiently while main-
taining its composition gradient. Overall, the range of pressure-
temperature regime of Uranus in our models is much wider than
in standard adiabatic models.
The atmospheric opacity of all valid models does not include
grains. High atmospheric opacity slows down the planet cool-
ing and usually results in too high luminosity at present. Models
with grain opacity failed to fit Uranus’ luminosity, unless the ini-
tial interior is very cold. The total heavy-element mass in all our
Uranus models varies within the range of 80% to 95% of the
planet mass, in agreement with Helled et al. (2011); Podolak
et al. (2019). The variation in heavy-element mass is by the
heavy-element composition (rock/ice) and the interior tempera-
ture profile. For example, for the same ice-to-rock ratio of 2:1 the
hot gradual models are more metal-rich (up to 95%), while the
cold gradual models contain only 85%. As expected, the metal-
licity decreases when increasing the rock enrichment (1:2).
4. Discussion and Conclusions
Our study shows that Uranus’ low luminosity can be explained
by a structure (and evolution) with composition gradients. We
calculate the thermal evolution of Uranus self-consistently with
its structure evolution for a wide range of composition gradi-
ents. We find, rather than assumed, that a composition gradient
between the metal-rich deep interior and the hydrogen-rich en-
velope is stable throughout Gyrs of evolution and is consistent
with Uranus’ observed properties. Although a large fraction of
Uranus’ interior can be convective, the intermediate gradual re-
gion isolates the inner hot region from the observed atmosphere.
The inefficient heat transport of a non-adiabatic interior suggests
that several structure configurations are compatible with Uranus’
measured properties.
Our study demonstrates that Uranus’ deep interior could
have a large range of temperatures due to its insulation from
the outer region. The temperatures in the planet’s interior are of
great importance for the thermodynamic state of the materials,
and their interactions (e.g., Keppler & Audetat 2005; Bali et al.
2013; Soubiran et al. 2017). For example, the water ice phases
in Uranus are usually derived from adiabatic structure models
(e.g., Redmer et al. 2011; Wilson et al. 2013). Some of the mod-
els we present here have much hotter interiors where most of the
water is fluid, and is in ionized and plasma phase. In the outer
region (exterior to the thermal boundary) the water is molecular
in liquid or solid state. The different properties of water and rock
in our models conditions (see Appendix B for discussion), have
consequences on the thermodynamic processes that take place in
Uranus interior, and therefore on the way the measurements are
interpreted (e.g., Helled et al. 2011; Podolak & Helled 2012).
In this work we assumed that the composition gradients
in Uranus are primordial and a result of its formation process.
However, it is possible that the composition gradients are
created at a later stage, for example, as a result of a giant impact,
which is often required to explain Uranus’ axis tilt and regular
moons (Stevenson 1986; Podolak & Helled 2012). Indeed, giant
impacts may change the composition distribution after planet
formation phase (Reinhardt et al. 2019; Liu et al. 2019). In a
previous study we showed that gradients that are formed at
a later stage are more likely to survive because of the lower
interior temperatures and thus lower mixing efficiency (Vazan
et al. 2016). Nevertheless, the models presented here could also
represent the outcome of a giant impact scenario, since the exact
initial heavy-element distribution and temperature profile are
model variables.
Our main conclusions are summarized below:
1. A composition gradient in Uranus’ interior naturally explains
its low luminosity, without the need of artificial thermal
boundaries. Different types of composition gradients are sta-
ble during the evolution and are sufficient to slow down the
cooling and fit the observed radius, moment of inertia, and
luminosity.
2. The initial energy content of Uranus cannot be greater than
20% of its formation (solid accretion) energy. Primordial
models with higher energy fail to fit the observations.
3. A mixture of ice and rock in Uranus’ deep interior, rather
than separate ice and rock shells, is consistent with Uranus’
measured properties, suggesting that Uranus might not be
differentiated.
4. Convective mixing is limited in Uranus’ outermost region.
This suggests that Uranus’ current atmosphere is not very
different from its primordial atmosphere, in contrast to giant
planets.
5. Two- and three- layer models of Uranus are able to fit Uranus
properties only if the interior is very cold and (partially) con-
ductive.
6. Uranus is probably non-adiabatic, and therefore cannot be
modeled by a simple large scale convection model. The ef-
fect of the non-adiabatic cooling of Uranus (by composition
gradient) on its current radius is 5-10%.
7. The total heavy-element mass fraction in Uranus is affected
by the non-adiabatic evolution. The hot gradual models more
metal-rich (up to 95%) than the cold ones (∼80%).
8. Uranus’ atmospheric opacity cannot be very high during its
evolution. Models with grain atmospheric opacity cannot ex-
plain Uranus’ low luminosity, unless the primordial interior
is very cold.
While our work concentrates on Uranus, it can also be ap-
plied to Neptune. The fact that Neptune’s luminosity seems to be
consistent with adiabatic cooling does not necessarily mean that
it is indeed adiabatic. Uranus and Neptune represent an impor-
tant link in the chain between terrestrial planets and gas giants,
and are a key to understand planet formation. Nonetheless, the
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ice giants are the least-explored planets in our solar system, and
much is unknown about their interior properties. It is therefore
clear that efforts in both the modeling and observational fronts
are needed. In addition, we suggest that in order to characterize
the ice giants a better understanding of material properties and
their interactions in high pressures and temperature conditions is
needed.
Finally, we hope that a future space mission(s) to the ice gi-
ants will provide accurate measurements of their gravitational
and magnetic fields, and atmospheric compositions which will
then be used to further constrain their current-state internal struc-
ture, and will therefore improve our understanding of their origin
and evolution.
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Appendix A: EOS of ice and rock mixture
The equation of state (EOS) of ice (H2O) and rock (SiO2) are im-
proved versions of our calculation in Vazan et al. (2013), based
on the QEOS method (More et al. 1988). The EOSs contain a
solid/liquid phase and a gaseous phase, and cover a wide range
of temperature-density. In Fig. A.1 we show the pressure (color)
as a function of temperature and density of our ice (left) and rock
(right). The EOS regime that is relevant for Uranus interior mod-
els that are presented in this work are marked with rectangles, as
described in the figure caption.
In the new EOS version the phase transition between the
gaseous phase and the solid/liquid phase was calibrated by the
room pressure-temperature point of evaporation. Therefore, the
phase transition of the new version is more realistic. For most
of the temperature-density space the new version is similar to
the old version. The ice and rock EOSs are in good agreement
with the ANEOS (Thompson & Lauson 1972) and the SESAME
(Lyon & Johnson 1992), as is shown in Fig. 3 in Vazan et al.
(2013). The new water EOS by Mazevet et al. (2019) is denser
than the others. Yet, for the modeling of Uranus interior by
ice+rock mixture the density effect is insignificant - it is equiva-
lent to a slightly higher rock mass fraction in the ice+rock mix-
ture.
Fig. A.1. Our H2O (left) and SiO2 (right) EOS: pressure (color) vs. tem-
perature and density. Rectangles mark the relevant regimes of Uranus
inner Z region (white), gradient region (gray) and envelope (black),
based on the models of this work. Regime for adiabatic Uranus (Net-
telmann et al. 2013) is shown (dashed purple) for comparison. As is
shown, the EOS range for Uranus models is much larger than the range
for the adiabatic structure.
A mixture of ice and rock is expected at least in some of
the interior, because of fluid mineral interaction in high pressure
(Keppler & Audetat 2005). The thermal properties for a mixture
of ice and rock differ from the properties of the separate materi-
als (e.g., Keppler & Audetat 2005; Kessel et al. 2005; Soubiran
et al. 2017). However, in our model we ignore chemical interac-
tions between the ice and the rock, for simplicity. The ice and
rock mixture in our model is calculated by the additive volume
law: for a given pressure and temperature the mixture density
ρZ(p,T ) is calculated by 1/ρZ = ZH2O/ρH2O + ZS iO2/ρS iO2 . Since
the variables of the EOS tables are temperature and density, we
iterate to solve for the mixture density. Once the density of each
species is found, the mixture energy and entropy are calculated
accordingly (see Appendix A1 in Vazan et al. 2013, for details).
Appendix B: Uncertainties in heat transport
When the thermal evolution is non-adiabatic the local material
properties significantly influence the thermal evolution. Since
material properties in high pressure are rather uncertain, we dis-
cuss below the main uncertainties in the model thermal parame-
ters and assumptions.
Conductivity In the absent of convection in the deep inte-
rior, heat is transported by conduction. The conductivity, al-
though crucial for thermal evolution, is very uncertain in plane-
tary conditions. For example, superionic water at high pressure
has different conductivity than low pressure ice (e.g., Millot et al.
2018). In addition, the conductivity in high temperatures, as in
our models, behaves differently than in low temperatures (van
den Berg et al. 2010). Above 5000 K the thermal conductivity is
strongly affected by the electronic contribution, which goes ex-
ponentially with temperature (Umemoto et al. 2006; French &
Nettelmann 2019). Here we scale the conductivity to fit Earth’s
values as described in Vazan et al. (2018c).
Model number of layers The numerical nature of the model
encapsulates a structure uncertainty when modeling a gradual
interior. The numerical evolution of the structure is determined
by the heat transport in each mass layer in the interior. For
each mass layer the 3 temperature gradients (adiabatic, radiative,
and composition) are calculated in respect to the neighbour lay-
ers, and the convection criterion is then tested. The calculation
requires constant properties (pressure, temperature, metallicity,
etc.) within each mass layer. Thus, if composition distribution
is gradual, the mass distribution per shell affects the resulting
temperature gradients and the thermal evolution.
In a previous work we tested this effect in the context of gas
giants (Sec 3.2.2 in Vazan et al. 2015) and find it to have a slight
effect on the result when varying the number of layers between
150 and 500. The reason for the quite small effect is probably the
flexible (adaptive) mass grid in our model. The evolution model
has an adaptive mass grid, i.e., in a region with sharp changes in
thermodynamic properties (pressure, temperature, opacity) the
resolution of the grid increases during the run. Here we use 500
mass grid points (layers) as our standard value. When varying
the number of layers between 100 and 5004 we find a negligible
difference in the current internal structure. The main difference
we find is in the fluctuations of the radius and luminosity fluc-
tuations around the same general evolution slope. As expected,
the fluctuations gets smaller with more layers. The final (current)
radius and luminosity can vary by up to a few percent because
of those fluctuations.
Radiative opacity The radiative atmosphere is the outermost
layer of the planet, which controls the planetary cooling and con-
traction rate. In non-adiabatic models, the radiative atmosphere
strongly influence the long term evolution, although it is not al-
ways the thermal bottle neck. For interiors with composition gra-
dients the atmospheric opacity affects convective mixing, which
depends on the cooling rate of the outer envelope.
In this work we mainly use the opacity calculation of Valen-
cia et al. (2013), which allows for easy modification of the enve-
lope metallicity. However, because of the importance of radiative
opacity for the thermal and structural evolution, we tested sev-
eral other calculations. In Fig. B.1 we show the radiative opacity
as calculated by different groups for a given density. The density
range fits pressures between 0.1 millibar to 100 bar. Presented
are the Freedman et al. (2008) calculation for solar and for 50
times solar metallicity, the Sharp & Burrows (2007) calculation
for gas, the Valencia et al. (2013) analytical fit for Freedman
et al. (2008), and one tenth of the ISM opacity of Pollack et al.
(1985). As can be seen from the figure, the differences in atmo-
spheric opacities are rather large. This uncertainty leads to dif-
4 We cannot exceed 500 layers due to a numerical difficulty.
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ferent measured properties for the same planet after several Gyrs
of evolution.
Fig. B.1. Atmospheric opacity calculated by various groups: (F) Freed-
man et al. (2008), (SB) Sharp & Burrows (2007), (V) Valencia et al.
(2013), (P) Pollack et al. (1985). The density range is for pressures be-
tween 0.1 millibar and 100 bar.
Viscosity In a heavy-element-rich interior the viscosity de-
termines the convective velocity (e.g., Stevenson et al. 1983).
The viscosity at high pressure depends on the material phase,
which is difficult to determine at high pressure-temperature con-
ditions. As is shown in Fig. A.1, the inner pure-Z region (white
rectangle), and most of the region with composition gradient
(gray rectangles) have temperatures much higher than ice+rock
critical point (e.g., Kessel et al. 2005), and even higher than the
uncertain SiO2 dissociation conditions (Melosh 2007). Only the
planetary envelope (black rectangle) is below the critical point of
rock, and only part of it is below the critical point of ice. There-
fore we assume low (liquid) viscosity in the deep interior, which
is also consistent with the viscosity calculation for ice (French
& Nettelmann 2019).
Layered-convection In planetary interior with composition
gradients heat can be transported by layered/double-diffusive
convection (Leconte & Chabrier 2012). Layered convection oc-
curs in regions that are found to be stable against convection
according to the Ledoux criterion, but unstable according to
Schwarzschild criterion (Rosenblum et al. 2011; Wood et al.
2013), i.e., in locations where the composition gradient sup-
presses large-scale convection. In our model we assume that non-
convective regions are conductive and/or radiative. Layered con-
vection, which is an intermediate heat transport mechanism, is
not considered. Therefore, the heat transport rate in our model
can be taken as a lower bound. As a result, our models provide
an upper bound for the possible thermal boundary and the maxi-
mum effect of the composition gradient on Uranus’ thermal evo-
lution.
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